Many organic solvents are toxic to living organisms because of their devastating effects on biological membranes (31) . This toxicity correlates with the hydrophobic character of the solvent, expressed by the logarithm of its partition coefficient between octanol and water (log P O/W value). Solvents with a log P O/W value between 1 and 5, like toluene, are highly toxic to whole cells (30) . Due to these toxic effects, the choice of solvents for whole-cell biotransformations in two-phase solvent-water systems is limited. Only less-toxic solvents with higher hydrophobicities (28) can be applied. In the last decade, however, more and more bacterial strains that can adapt to toxic organic solvents have been isolated and characterized (5, 15, 26, 34) . These solvent-tolerant strains presumably will become a useful key in the performance of whole-cell biotransformations in the presence of these toxic, more polar solvents.
In recent years, many efforts have been made to uncover the mechanisms behind the solvent tolerance of these strains belonging to the genus Pseudomonas. Up to now different adaptation mechanisms have been found. Alterations at the level of the cell envelope structure, which suppress the effects of the solvents on the membrane stability or limit their rate of diffusion into the cell, have been described (12, 23, 27, 35) . Furthermore, enhanced rates of phospholipid biosynthesis, speeding up repairing processes, have been reported (24) . Last but not least, active export systems have been shown to exclude the solvent toluene from the cell (6, 16, 19, 27) . The active efflux of solvents is an energy-dependent process. Therefore, it should increase the maintenance requirement of the cells in the presence of solvents. To what extent organic solvents enhance the energy requirement of the solvent-tolerant strains must still be determined.
However, although the adaptation mechanisms of some solvent-tolerant Pseudomonas strains have been studied in detail, no studies have been made of the effects of solvents on growth yields and maintenance requirements of these organisms. We now have determined the effects of toluene and other solvents on the growth parameters of Pseudomonas putida S12.
MATERIALS AND METHODS
Microorganisms and media. P. putida S12 was isolated as a styrene-degrading organism (10) . This strain grows in the presence of a second phase of various organic solvents, even if these solvents, like toluene, cannot be metabolized (34) . P. putida JK1 is a solvent-sensitive transposon mutant of P. putida S12. This mutant has inactive sprABC genes which code for the energy-dependent solvent efflux system (19) . Both strains were cultivated in a minimal medium as described by Hartmans et al. (9) with 1.8 g of glucose per liter as the sole source of carbon and energy. For cultivation on a solidified medium 3.5 g of yeast extract per liter and 15 g of agar per liter were added. For the mutant strain 50 mg of kanamycin per liter was always added to the growth medium.
Batch cultivation. Batch culture cells were grown in 25-ml shaken cultures in 250-ml bottles sealed with Mininert valves (Phase Separations, Waddinxveen, The Netherlands) to prevent evaporation of the solvent. These valves possess movable Teflon-rubber septa for both sealing with Teflon and sampling. Different concentrations of toluene were added to the medium and equilibrated at 30°C for at least 12 h. The amount of solvent necessary to achieve a certain amount of solvent in the medium was calculated as follows:
where V solvent,addition is the volume of solvent (in microliters) necessary to achieve the amount of solvent (m solvent,medium [in milligrams]) in the medium, solvent is the density of solvent (in grams per milliliter), water/air is the partition coefficient of solvent between water and air as given by Amoore and Hautala (2), V medium is the volume of the medium, and V air is the volume of the air. Additionally, the concentration of a solvent was controlled by gas chromatography analysis of the headspace.
Cells were precultivated in continuous cultures (dilution rate ϭ 0.2 h
Ϫ1
) in a medium saturated with toluene. After reaching the steady state these cells were used as the inoculum (1% [vol/vol] ) for the batch cultures.
Cultivation of these batch cultures took place in a horizontally shaking water bath at 30°C. During growth we monitored the optical density at 560 nm, the CO 2 and protein production, and the consumption of glucose. The maximal errors encountered in the determination of protein and other parameters were 20 and 10%, respectively.
Continuous cultivation. Continuous-culture experiments were performed in a chemostat with a 0.5-liter working volume at 30°C, pH 7.0, 600 rpm, and the dilution rates mentioned. The amount of oxygen in the culture broth was deter-mined with a Clark-type oxygen electrode. Various solvents at different concentrations were supplied to the chemostat via the gas phase by passing a part of the airflow through a column filled with the solvent (at least 15 cm). The total airflow was kept constantly at 400 ml min
. Headspace samples of the air entering and leaving the chemostat were analyzed. The solvent concentrations in the medium were calculated from the concentration in the headspace by using the partition coefficients given by Amoore and Hautala (2) . To achieve the adaptation towards a certain solvent concentration the continuous culture was run first at a dilution rate of 0.05 h Ϫ1 for at least 12 h and then switched to the dilution rate of interest. The steady state was reached after five further exchanges of the volume. From the steady state we determined the concentration of protein in quintuplicate and the concentration of glucose remaining in the medium in duplicate. In this continuous approach the errors of the protein and glucose determinations were less than 15 and 5%, respectively.
Analytical methods. The amount of the metabolized carbon source, glucose, was determined by high-pressure liquid chromatography analysis of the culture supernatant. The supernatant was filtered via a 0.2-m-pore-size filter prior to high-pressure liquid chromatography analysis performed at 70°C on an ION-300 column (LC-Service, Emmen, The Netherlands) with 5 mM H 2 SO 4 as an eluent and with refractive index detection (7) . Headspace analysis of organic solvents was performed by analyzing 100 l of the gas phase on a model 437A gas chromatograph (Packard, Delft, The Netherlands) with a 10% SE-30 Chromosorb WHP 80-100 mesh column (Chrompack, Middelburg, The Netherlands). The CO 2 concentration was measured via headspace analysis in a model 427 gas chromatograph (Packard) with a Hayesep Q column (Chrompack). Dry weights were determined by drying washed cell suspensions at 105°C for 24 h prior to weighing. The method of Lowry et al. (22) was used to determine the protein concentration with bovine serum albumin as the standard.
Determination of yield and maintenance. We determined the yield by measuring the amount of protein produced per amount of glucose consumed. As protein constitutes 60% of the total cell dry weight in P. putida S12 this value correlates with the amount of biomass produced per amount of glucose consumed.
The maximum growth yields and the maintenance coefficients were determined according to the equation of Pirt (25) from the data determined in the carbon-limited continuous culture as follows: 1/Y obs ϭ (1/Y max ) ϩ (m/ obs ). Y obs is the observed growth yield, Y max is the maximum growth yield, obs is the observed specific growth rate as set by the dilution rate, and m is the maintenance metabolism rate.
Determination of solvent concentrations in the membrane. The amount of a solvent accumulating in the bacterial membrane was calculated from its concentration in the water phase and its log P O/W , the logarithm of the partition coefficient of the solvent between octanol and water. For this calibration we made use of the equilibration found by Sikkema et al. (30) . This equilibration correlates the log P O/W with the log P M/B , the logarithm of the partition coefficient of the solvent between the membrane and the buffer, as follows: log P M/B ϭ 0.97 ϫ log P O/W Ϫ 0.64. The values for the log P O/W were obtained from the list reported by Laane et al. (21) .
Chemicals. Toluene, benzene, ethylbenzene, propylbenzene, xylene, hexane, cyclohexane, and hexadecane were obtained from Janssen Chimia (Tilburg, The Netherlands). All other chemicals were commercially available and used without any further purification.
RESULTS
Growth kinetics of P. putida S12 in batch cultures. P. putida S12 was precultivated in a continuous culture in a medium saturated with toluene. These adapted cells were used as the inoculum for batch cultures, and their growth was monitored. With this approach cells are already adapted in the beginning of a batch experiment. Therefore, the response of these cells to a new exposure to toluene demonstrates the effect of this solvent alone and not the induction of adaptation mechanisms. The batch growth rate was 0.8 h Ϫ1 and was not affected by the presence of toluene. However, variations in the lag phase occurred depending on the concentration of toluene present. Furthermore, the presence of toluene led to a lower yield. In the absence and presence of 6.2 mM toluene the yields observed at the end of the exponential phase were 0.34 and 0.20 g of protein/g of glucose, respectively. Growth kinetics are presented for cultures growing in either the absence or the presence of 6.2 mM toluene (Fig. 1) . The yield and lag phase obtained for all concentrations of toluene tested are also shown (see Fig. 4) .
Effect of toluene on growth of P. putida S12 in carbonlimited continuous culture. P. putida S12 was cultivated in a carbon-limited chemostat at different dilution rates in the presence and absence of 6.2 mM toluene. After the cells had reached the steady state we determined the protein content and the concentration of glucose as the growth-limiting substrate (Fig. 2) . In the absence of toluene the washout occurred at a dilution rate above 0.72 h Ϫ1 . In the presence of 6.2 mM toluene, however, this washout occurred at a lower growth rate, and it was not possible to obtain a steady state at dilution rates above 0.4 h Ϫ1 . The presence of toluene also led to smaller amounts of biomass at all dilution rates. It was not possible to detect protein in the culture supernatant at all dilution rates tested.
From the data shown in Fig. 2 we calculated the growth parameters of P. putida S12 growing in the absence and presence of 6.2 mM toluene. The reciprocal values of yields were plotted against the reciprocal dilution rates (Fig. 3) . From the linear regressions of this plot the maintenance coefficients and the maximum growth yields were determined. In the absence and presence of toluene the maintenance coefficients were 0.023 and 0.076 g of glucose/g of protein ⅐ h Ϫ1 , respectively, and the maximum growth yields were 0.33 and 0.22 g of protein/g of glucose, respectively. P. putida S12 was also cultivated in continuous cultures at a dilution rate of 0.2 h Ϫ1 in the presence of various concentrations of toluene. Figure 4 shows the effect of toluene on the yield. Up to a 3 mM concentration of toluene in the medium, the yield decreases linearly with increasing concentrations of toluene. Above this concentration of toluene, the yield remained nearly constant at 0.21 g of protein/g of glucose. This dose response is similar to results obtained in batch cultures.
Effects of different solvents on the yield of P. putida S12. P. putida S12 was grown in continuous cultures at a dilution rate of 0.2 h
Ϫ1
. Various aromatic and aliphatic organic solvents were added at different concentrations. We determined the concentration of the solvent in the medium and calculated the corresponding concentration in the bacterial membrane as described in Materials and Methods. We plotted the yield of P. putida S12 against these membrane concentrations (Fig. 5) . The plot shows a direct correlation between the yields observed and the concentrations of solvents in the membrane, irrespective of the solvent tested.
Effect of toluene on the yield of the solvent-sensitive mutant P. putida JK1. The effects of solvents were also studied in the solvent-sensitive mutant P. putida JK1. This mutant is lacking the operon for the solvent efflux system. The cells were grown in batch cultures in the presence of various concentrations of toluene. The cells were transferred from lower toluene concentrations to higher ones in small concentration steps of about 0.5 mM each at the end of the exponential phase. In this way the growth of the mutant could be obtained at toluene concentrations up to 3.2 mM. Above this concentration no growth of the mutant strain was observed, while the wild-type strain tolerated a 6.2 mM concentration of toluene. For both strains we monitored the protein production and glucose consumption in the presence of various concentrations of toluene. From these data, yields were calculated and plotted against the concentration of toluene (Fig. 6 ). Up to a 2 mM concentration 
DISCUSSION
The growth-inhibiting effect of organic solvents on microorganisms has been reported repeatedly (28, 31) . The presence of solvents may lead to a reduction in the maximum growth rate, but cells which can adapt to solvents can achieve the same maximum growth rate in the presence of solvents (3, 11, 15, 26) . These results were obtained by employing batch systems, and we also observed that in batch cultivation no effect of toluene on the growth rate occurred. However, these results in the case of glucose as a carbon source may be misleading, as it was reported previously that gluconic acid transiently accumulates during the cultivation of P. putida on glucose (8) . Under more-defined conditions in continuous cultures we observed that the maximal growth rate is strongly affected by the presence of solvents. This reduction was not caused by oxygen limitation, as we had determined that sufficient oxygen was present in all cases. We speculate that the reduction of the maximum growth rate in the presence of toluene is caused by a reduction in the affinity of the cells for glucose. Such a change in the affinity for glucose may be caused by the mechanisms of adaptation to toluene that reduce the permeability and change the structure of the cell envelope (18, 23, 27, 36) .
The effects of solvents on the biomass yield have been implied in previous reports (1, 3, 27) . From these reports it can be deduced that the presence of toluene leads to reduced yields. We observed similar results. In our batch cultures the yield as affected by toluene dropped by 30%.
In continuous cultures, yields and maintenance coefficients were obtained for P. putida S12 grown under glucose limitation in either the presence or the absence of toluene and other solvents. In the absence of solvents, both the maximal yield and the maintenance coefficient were similar to those reported for other Pseudomonas species growing on glucose under aerobic conditions (8, 25, 32, 33) .
The presence of toluene decreased the yield and increased the maintenance coefficient. These effects will be caused both by energy-consuming adaptation mechanisms and by a less effective energy metabolism in the presence of solvents. Specific energy-consuming processes include the active export of solvents in P. putida S12 (16, 19) and possibly an enhanced phospholipid biosynthesis rate as observed in P. putida Idaho (24). Ineffective energy metabolism will occur due to the uncoupling character of organic solvents (4, 13, 29, 30) and by disturbing effects of the solvents on the energy-transducing proteins (29, 30) as observed in nontolerant microorganisms.
The dose-response effect of toluene on the overall yield of P. putida S12 was studied in both batch and chemostat cultures. The yield decreased linearly with increasing concentrations (up to 3 mM) of toluene. Above this concentration, no further drop in the yield occurred. The adaptation of P. putida S12 to toluene has been observed at 3 mM or higher concentrations of toluene. Adaptation mechanisms triggered at this concentration include changes in the fatty acid profiles of membranes (35) and the active efflux of solvents from the membrane (20) . Cells precultured at this concentration or higher ones not only survived the presence of a second phase of toluene (34), but they also showed an enhanced resistance towards various antibiotics (17) . Consequently, a toluene concentration of 3 mM is critical. Below 3 mM cells do not react to toluene and thus are slightly affected by the solvent. Above this concentration of toluene, various mechanisms come into operation to protect cells from excessive damage.
The constant yield values observed at toluene concentrations of 3 to 6 mM may indicate either that (i) the energy requirement of the adaptation mechanisms acting at these concentrations is very limited or (ii) the systems require substantial energy input but are compensated by the effective removal of toluene from the cell.
The results obtained for the wild type were confirmed in experiments with the solvent-sensitive mutant P. putida JK1. At low concentrations of toluene, the effects of solvents on the yield were similar in the wild type and the solvent-sensitive mutant P. putida JK1. The slightly lower yield of the mutant strain is caused by the presence of kanamycin as the selective marker. The mutant lacks the energy-consuming solvent efflux system. Therefore, the reduction of the yield observed at low concentrations of toluene cannot be caused by the energy requirement of the active efflux system.
Our results on yields of P. putida S12 as affected by various other solvents show that the dose-response effect of solvents is the same when the actual concentration in the bacterial membrane is taken as the dose. Therefore, not the chemical structure but the amount of solvent accumulated in the bacterial membrane determines the effect of a solvent on the yield. Hence, the results found for toluene can be used for other solvents as well. It has been reported earlier that the concentration of solvents in bacterial membranes correlates directly with changes in the fatty acid profile and with the reduction of the maximal growth rate (14) . In artificial membranes the same concentration of a solvent in the membrane results in the same expansion of the membrane. This membrane concentration also determines the release of ions and the effect on the proton and electrical gradients (30) .
We conclude that, at low concentrations, the effects of solvents on P. putida S12 are not different from their effects on any other cell. The difference between solvent-tolerant and -intolerant cells seems to be that the effects of solvents are counterbalanced at higher concentrations by specific mechanisms. We suggest that these mechanisms keep the actual concentrations of solvents in the membrane constant. We think that this constant concentration of solvent in the membrane is approximately 200 mM, the concentration reached when adaptation starts.
